Epidemiologic studies of electric and magnetic fields and cancer: strategies for extending knowledge. by Savitz, D A
Epidemiologic Studies of Electric and Magnetic
Fields and Cancer: Strategies for
Extending Knowledge
David A. Savitz
Department of Epidemiology, Campus Box 7400, School of Public Health, University of North Carolina at Chapel
Hill, Chapel Hill, NC 27599-7400
Epidemiologic research concerning electric and magnetic fields in relation to cancer has focused on the potential etiologic roles of residential expo-
sure on childhood cancer and occupational exposure on adult leukemia and brain cancer. Future residential studies must concentrate on exposure
assessment that is enhanced by developing models of historical exposure, assessment of the relation between magnetic fields and wire codes, and
consideration of alternate exposure indices. Study design issues deserving attention include possible biases in random digit dialing control selection,
consideration of the temporal course of exposure and disease, and acquisition of the necessary information to assess the potential value of ecologic
studies. Highest priorities are comprehensive evaluation of exposure patterns and sources and examination of the sociology and geography of resi-
dential wire codes. Future occupational studies should also concentrate on improved exposure assessment with increased attention to nonutility
worker populations and development of historical exposure indicators that are superior tojob titles alone. Potential carcinogens in the workplace that
could act as confounders need to be more carefully examined. The temporal relation between exposure and disease and possible effect modifica-
tion by other workplace agents should be incorporated into future studies. The most pressing need is for measurement of exposure patterns in a
variety of worker populations and performance of traditional epidemiologic evaluations of cancer occurrence. The principal source of bias toward the
null is nondifferential misclassification of exposure with improvements expected to enhance any true etiologic association that is present. Biases
awayfrom the null might include biased control selection in residential studies and chemical carcinogens acting as confounders in occupational studies.
-Environ Health Perspect 101(Suppl4):83-91 (1993).
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Introduction
A number ofreviews ofthe epidemiologic lit-
erature on electric and magnetic fields and
cancer have been developed over the last sev-
eral years. In contrast to substantive reviews
that seek to summarize evidence and draw
conclusions (1,2) or those that explore
methodologic issues to assist in drawing con-
dusions about the evidence (3,4), this paper
has the limited goals of defining current
knowledge forthe purpose ofidentifying gaps
that future epidemiologic studies can fill.
Residential Exposure to
Magnetic Fields and Cancer
Synopsis ofEvidence
Wertheimer and Leeper (5) were the first
to consider a possible relation between resi-
dential exposures to magnetic fields and
cancer. They found that children who had
died of cancer lived in homes imputed to
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have elevated magnetic fields based on
wiring configuration codes more frequently
than controls. Power lines in the vicinity
of the home were examined to estimate
current flow and distance to the homes as a
marker oflong-term average magnetic field
levels in the home.
The approach to classifying wiring was
presented in greater detail in a study of
adult cancer (6) and has been used, with
little modification, in several subsequent
studies. Observable characteristics of the
power lines serve as the basis for estimating
the typical current flow along the lines in
order to assign a wiring class based on such
factors as the number ofphases, the thick-
ness ofthe wires, and the number ofservice
drops between transformers. Categorizing
the homes into levels they labeled as very
high current configuration, ordinary high
current configuration, ordinary low current
configuration, and very low current config-
uration combines the wiring dass with an
estimate of the distance from the wires to
the home. Homes in neighborhoods
served by buried wires have been consid-
ered a separate, low-exposure, group.
Diagrams and a more detailed description
are provided in this volumeby Kaune (7).
Subsequent studies ofchildhood cancer
haveprovided mixed support. Acase-control
study ofleukemia in Rhode Island (8) was
reported as negative based on an exposure
dassification system taken from that devel-
oped by Wertheimer and Leeper (5) for
Denver. In addition to concerns with the
applicability ofthe Denver system to Rhode
Island and reliance on analyses ofresidences
rather than persons, the different occupancy
dates for cases and controls appear to have
biased their measures of association toward
the null, i.e., toward the absence of any
association (9).
Tomenius (10) conducted a study in
Stockholm in which homes were classified
based on proximity to electrical construc-
tions and magnetic field measurements at
their front doors. Electrical constructions
(specifically, above-ground power lines)
were more common near case than control
homes, and measured fields above 3 mG
were more common among cases not near
electrical constructions than comparable
controls. Average magnetic fields were vir-
tually identical for case and control homes.
The positive association based on measured
fields was restricted to nervous system cancers
withan inverseassociationfoundforleukemia.
A second study in Denver (11) sup-
ported the hypothesis that children living
in homes with higher wiring configurations
or higher measured in-home magnetic
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Table 1. Comparison of results for measured magnetic fields and wiring configuration codes: residential characteristics and childhood cancer.
Savitz et al. (11) London et al. (13)
Measure Exposure level OR 95% Cl Exposure level OR 95% Cl
Spot measurement
of low power
magnetic field (mG) 0-<0.65 1.0 0-0.32 1.0
0.65-<1.0 1.3 0.7-2.4 0.32-0.67 1.0 0.6-1.7
1.0-<2.5 1.3 0.7-2.3 0.68-1.24 1.4 0.7-2.9
2.5+ 1.5 0.6-3.6 1.25+ 1.2 0.5-2.8
24-hr measurement
of magnetic field (mG) <0.68 1.0
0.68-1.18 0.7 0.4-1.2
1.19-2.67 0.9 0.5-1.7
2.68+ 1.5 0.7-3.3
Wire configuration
code Underground 1.0 Underground
Very low 1.6 0.8-3.1 +Very low 1.0
Ordinary low 1.0 0.7-1.5 Ordinary low 0.9 0.5-1.7
Ordinary high 1.5 0.9-2.4 Ordinary high 1.4 0.8-2.6
Very high 2.2 0.9-5.2 Very high 2.2 1.1-4.3
fields under low power use were at increased
risk of developing cancer, although the
magnitude of association (odds ratios of
1.5-2.0) was lower than had been reported
by Wertheimer and Leeper (odds ratios of
2.0-3.0) (Table 1). No association was
found for electric fields or magnetic fields
measured under high power use condi-
tions. These results were not due to con-
foundingbyprenatal andchildhoodexposures
reported byparents, but nonresponse anddif-
ferential mobility of controls constitute
important limitations in thisstudy.
Myers etal. (12) recentlyprovidedresults
from a study conducted in the early 1980s
in England. They interpreted their results
as providing little evidence to support an
association between childhood leukemia
and residential electromagnetic field expo-
sure, but their primary control group con-
sisted of children with solid tissue tumors
and diseases also potentially affected by this
exposure. Elevated exposures were extremely
rare, but there was modest evidence of
increased riskwithincreased exposure.
The study completed most recently is
methodologically the strongest and has a
major bearing on the direction of future
research. London etal. (13) recendyreported
the results ofa case-control study ofchild-
hood leukemia and residential magnetic
field exposure in Los Angeles County. The
major improvements over Savitz et al. (11)
consisted of the use of controls selected
concurrently with case identification and a
much more complete and extensive array of
in-home magnetic field measurements.
The results showed a clear association of
wire codes with leukemia with more lim-
ited evidence of an association based on
both spot measurements ofmagnetic fields
and 24-hr measurements ofmagnetic fields
(Table 1). In spite of their presumably
greater accuracy as a reflection oflong-term
historical exposures, measurements taken
over a 24-hr period failed to demonstrate a
notably stronger association with disease
than did spot measurements.
In addition to these studies ofambient
background magnetic fields in homes, one
study ofchildhood cancer reported on use
ofelectrical appliances by the mother dur-
ing pregnancy and by the child (14).
Electric blanket use by the mother during
pregnancy and by the child was associated
with a modestly increased risk of develop-
ing childhood cancer, whereas heated water
beds, bedside electric clocks, and other
appliances used by the mother or child
were not associated with increased risk.
Therehave been several studies ofresiden-
tial exposures and adult cancers. Wertheimer
and Leeper (6) found modest positive associ-
ationsbetweenwiringcodes andseveral types
ofcancer. Subsequent studies ofresidential
exposures have been limited in quality of
exposure assessment (15) or size (16) and
generally are not supportive ofsuch a link.
Preston-Martin et al. (17) evaluated electric
blanket use in relation to adult myelogenous
leukemiaandfoundno association.
ExosueAssessmentNeeds
If there is a causal relation between some
aspect ofelectric or magnetic field exposure
and cancer, there is no reason to believe
that the exposure indicators used in past
studies have captured it with precision.
Modest associations in past studies may be
masking a much more substantial effect
that has been diluted by nondifferential
misclassification, since our exposure indica-
tors are only imperfect proxies for the
potent exposure. This misclassification
may operate on several levels, including the
incorrect exposure metric (e.g., averages
rather than peaks), failure to measure expo-
sure comprehensively (e.g., ignoring sources
other than the home), measuring exposure
at the wrong period in the subject's life, as
well as the familiar inability to measure
precisely even in the desiredplaces and times.
Several strategies thatwouldproduce stronger
measures of associations if such effects are
actually present are available to improve
exposuredassification.
Models ofHistorical Exposures. All
studies have relied on historical exposure
reconstruction, induding both the case-con-
trol studies and the cohort study (15).
Instrumentation exists for relatively conve-
nient acquisition of real-time individual
exposure profiles over periods of several
days (7). In spite ofsuggestions to collect
individual-level data for prospective investi-
gations (18), the rarity of the cancers that
have been studied to date dictates that
future studies are likely to continue to
assess exposures retrospectively. Thus, the
challenge faced by investigators is how to
reconstruct an exposure history in the
absence ofdirect measurements during the
historical periods ofinterest.
One approach would be to develop pre-
dictive models of exposure in which the
model inputs are amenable to historical
ascertainment. The sources ofelectric and
magnetic fields that we encounter in our
dailylives are diverse andprobably too com-
plex to assess based solely on physics and
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engineering principles. It might be more
fruitful to develop statistical equations that
relate patterns of location and activity to
measured fields. For example, detailed
diaries could be maintained in parallel with
real-time measurements offield strengths for
a sizable and diverse population ofchildren
or adults outside the context of a specific
case-control study. Statistical models to
estimate various field parameters of interest
then could be developed based on locations
and activities. The predictors in those mod-
els would have to be amenable to historical
assessment in order to be useful, recognizing
that in reality some would be (e.g., use of
electric blankets) and some would not (e.g.,
howclose the childsat to the television).
Such an approach would be enhanced by
methods forreconstructing historical exposures
within the most important (i.e., frequently
occupied) environments. Wire configuration
codes were intended as historically stable
markers ofin-home exposures, because power
lines are rarely modified (5). Although the
wire codes have been demonstrated to be asso-
ciated with current magnetic fields in homes,
thestrength ofprediction isquitelimited. The
structure of the original Wertheimer and
Leeper (5,6) wire code was developed intu-
itively. Furtherexamination ofwhetherthereare
better ways to integrate inirmation on observ-
able characteristics ofthe wiring using physics
and engineering principles should be under-
taken, and empirical estimation [such as that
developed by Kaune et al. (19)] offers promise
for making more accurate inferences from the
historicallystableelectricalconstructions.
Exposure sources other than the ambient
levels found in homes also should be consid-
ered. There is no information on whether
some variant ofa wiring configuration code
could be developed for schools or commercial
buildings where substantial periods oftime are
spent. Appliance use certainly has the poten-
tial to be incorporated into a comprehensive
historical exposure assessment.
Wire Codes versus Measurements. The
report byLondon et al. (13) ofa clear asso-
ciation of childhood leukemia with wire
codes and a weaker association with mea-
sured magnetic fields, even taken over a
24-hr period, highlights the need to better
understand what aspects of past and pre-
sent exposure are reflected by each (7).
The logistical considerations are as follows:
a) better response for wire codes (passive
on the part of the respondent) than for
in-home measurements (requiring the
respondent's cooperation), which would
increase study size and diminish the poten-
tial for bias; b) greater expense for in-home
measurements due to scheduling inefficien-
cies and equipment; and c) less need for
engineering expertise to use a meter than to
develop awire coding methodology.
The key unanswered question remains
the validity of the different strategies as
indicators ofhistorical exposure. Prospective
studies are needed and would be simple to
conduct. A panel ofhomes, without con-
cern for the health status of their occu-
pants, could be recruited for long-term
evaluation with a battery of measurements
and wiring characteristics. Periodic repeat
measurements would monitor changes over
time. This should be coupled with indi-
vidual monitoring ofoccupants ofselected
homes so that the residential information
could be understood in the context of
other exposure sources. The effect of dif-
fering patterns of room use over time,
modification in the use ofrooms and their
physical arrangement, and changes due to
shifts in the occupants could be assessed
empirically for their bearing on historical
exposure reconstruction. If predictable
relations were found, they could be queried
and incorporated into exposure assessment
protocols. On the other hand, even ifsuch
sources of inaccuracy could not be reme-
died, at least they could be quantified and
considered in interpretation ofresults. The
necessary database would be rather tedious
to initiate and maintain, but it would be of
greatvaluewith the passage oftime.
Alternative Exposure Parameters and
Sources. For a number of practical and
theoretical reasons, interest has focused on
long-term average magnetic fields in homes.
Because magnetic fields are largely unper-
turbed by trees, building materials, etc., the
power lines have a systematic relation to
in-home fields. Electric fields, equally
ubiquitous, have no marker analogous to
wire codes that would allow their effects to
be examined. Empirical approaches to
examining exposure sources might yield
some historically applicable indicators of
electric field exposure, although this is
unlikely based on a knowledge ofexposure
sources and past epidemiologic study
results (11,19).
The specific attributes of the magnetic
fields predicted by wiring codes also remain
mysterious (7). The relation ofwire codes to
peaks, transients, various percentiles, time
above or below postulated thresholds, etc.
could be examined to assist in interpreta-
tion. That ultimately may suggest modifi-
cations to wire codes to serve as surrogates
for different types ofindices. Guidance for
laboratory investigators could be much
more specific ifthe fields predicted by wire
codes were better understood.
Finally, additional examination ofappli-
ance-based exposures is warranted. The
effectiveness ofasking about the use ofsuch
devices seems straightforward, but the valid-
ity ofself-report on use ofkey appliances,
including patterns of use (e.g., proximity to
television set), warrants examination. The
yield, in terms of refinements in exposure
classification, from more sophisticated
inquiries should be evaluated: Is it worth-
while to askthe brand ofvideo displaytermi-
nal or the setting on which electric blankets
are used? It seems likely that appliances that
do not contribute to average magnetic field
still may contribute substantially to other
indices, such as peaks or time above a given
level (e.g., hair dryers). Such questions could
be examined as part of an effort to develop
statistical models ofexposure startingwith an
effort to completely reconstruct sources of
electric and magnetic fields.
HealthEndPoints
Studies of both childhood and adult can-
cers have followed traditional approaches
to disease classification. For childhood
cancer, in particular, rarity of the disease
has led to broader groupings than might be
desirable. These groupings may dilute any
effects of electric and magnetic field expo-
sures on cancer subtypes. In some instances,
all childhood cancers have been grouped
together, although most investigators have
also examined subtypes such as acute lym-
phocytic leukemia, lymphomas, brain
tumors, etc. More attention should be paid
to examining more refined disease subtypes.
For example, among leukemias there is
some suggestion that different cytogenetic
subtypes have different etiologies (20).
This implication encourages the evaluation
ofthe role ofelectric and magnetic fields for
those subtypes. Histologic categories of
brain cancer recently have been shown to
have markedly different associations with
electrical occupations (21) and should be
examined with respect to residential expo-
sures as well. The practical challenge is
assembling study populations that are large
enough to have sufficient precision in exam-
ining subgroups. This also applies to the
myriad forms of childhood cancer that are
far too rare to consider in individual studies
(e.g., osteosarcoma, Wilms' tumor). Meta-
analysis using data from several completed
studieswouldbeonepossibleapproach.
Although occupational literature sug-
gests that electric and magnetic fields may
be related to leukemia and brain cancer,
these implications have not been pursued
extensively in studies of residential expo-
sures. There have been some studies focused
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on residential magnetic field exposure and
adult leukemia (16,22), and some studies
ofall forms ofcancer (6,15). Although the
results of residential studies have been
largely negative, this avenue ought not be
abandoned for several reasons. There is no
biological reason to believe that childhood
cancers are uniquely susceptible to mag-
netic fields. Given the rarity ofchildhood
cancers and the consequent difficulty in
conducting research, adult cancers are also
worthy ofconcern. The continued support
for a role of occupational exposures in the
etiology of leukemia, especially acute
myeloid leukemia; brain cancer; and, to a
lesser degree, melanoma and lymphoma
would encourage closer examination ofres-
idential exposures. Studies of residential
exposure and adult brain cancer would be
warranted by the evidence but have not yet
been undertaken.
When biological understanding of the
effects of electric and magnetic fields has
progressed sufficiently, early, more highly
prevalent disease indicators (biomarkers) of
electric and magnetic field exposure may be
identified. If such outcomes were suffi-
ciently frequent, then prospective studies in
which individual subjects would be moni-
tored over days, or even weeks, for the
development of the end point of interest
could be developed, or banks ofbiological
specimens could be exploited for nested
case-control studies. Even if the marker
were simply an integrator ofexposure rather
than a marker of a step in disease develop-
ment, it potentially would be ofvalue in
identifying the most biologically potent
aspect of exposure and in assisting in the
design of studies of the more dinically sig-
nificant end points. Some biological corre-
late of melatonin could serve as such a
marker if more persuasive evidence linking
the exposures and disease of interest to this
pathway were to accrue, but a number of
logistical issues would need to be overcome
(23). Unfortunately, there are no other
obvious candidates on the horizon, because
the classic markers ofgenotoxicity (chromo-
somal aberrations, sister chromatid exchange,
micronuclei) would not be expected to be
useful in spite ofsome evidence for increased
micronudei formation among mice exposed
to electric fields (24).
Considerations inStudyDesign
Several features of the past studies of resi-
dential magnetic field exposure and cancer
have not been examined adequately as a
potential basis for biased results. This
includes several potential positive biases
(which would produce spuriously elevated
associations) and negative biases (whichwould
producespuriouslyreducedassociations).
ControlSelection and Wire Codes. The
process of control selection in childhood
cancer studies raises a number of concerns
regarding the extent to which an unbiased
sample from the study base has been
attained. Several different methods have
been used, including birth certificate con-
trols (5,8), population register controls
(10), and random digit dialing controls
(11,13). Success in obtaining controls who
are a random sample of the population
from which the cases arose is difficult to
demonstrate, given how little is known
about the important determinants ofexpo-
sure. In the study by Savitz et al. (11), for
example, differential mobility of cases and
controls may have introduced bias, but the
presence or absence ofsuch bias could not
be demonstrated directly. In contrast,
London et al. (13) obtained controls con-
currently with case identification and
obtained similar patterns of association,
which suggests that differential mobility
does not account for the pattern of results
found bySavitz et al. (11).
Methodological evaluation of control
selection for studies ofresidential magnetic
field exposure should be undertaken.
Because of our limited knowledge of the
causes of childhood cancer as well as
leukemia and brain cancer in adults, the
exploration should extend beyond known
risk factors to include: a) examination ofa
number of household characteristics in
relation to magnetic fields, including
socioeconomic characteristics, availability
of a telephone, household composition
(number and ages of children, etc.), pat-
terns ofresidential movement and duration
ofoccupancy, age ofhousing, and procliv-
ity to participate in surveys; b) revaluation
ofthe recently completed studies that used
random digit dialing to assess the extent to
which controls represented the general
community and, particularly, households
with children; and c) examination ofalter-
native control selection strategies such as
telephone directories, school records, and
door-to-door canvassing. The costs ofvari-
ous altematives and the yield ofinformation
shouldbeexamined.
Nonresponse and incomplete coverage
are always possible sources of bias worthy
of consideration. Although random digit
dialing is a well-accepted technique, when
the screening nonresponse and interview
refusal rates are combined the losses can be
rather severe (25). However, one of the
advantages ofusingwiringcodes as an expo-
sure marker is that identifying an eligible
address is sufficient to obtain the code; the
home can be coded even ifthe respondent
ultimately declines to be interviewed or
allow in-home field measurements. The
critical unknown relation is between non-
response and wire code, and it is that
uncertainty that makes evaluation ofselec-
tion bias an important avenue to pursue.
A second product from a thorough
examination of correlates of residential
magnetic field exposures in the community
would be improved guidance regarding
possible confounders. Our knowledge of
the etiology ofchildhood cancers in partic-
ular is quite limited. One approach to
exploring possible confounders is to learn
more about the characteristics of persons
who live in homes dassified as having ele-
vated exposures. These characteristics would
not, of course, necessarily be confounders,
but they would satisfy at least one of the
necessary criteria and could then be evalu-
ated for their independent association with
cancer risk.
Given the prominence ofwire codes as
a marker of cancer risk and the severely
limited understanding of their implica-
tions, a broader evaluation ofthe sociology
and geography of wire codes seems to be
essential to identify the most valid approach
to control selection and confounding.
Understanding the patterns of wire codes
within the community in broad and com-
prehensive terms ofthe spatial distribution
ofwires and wire codes, demographic and
behavioral aspects of those who choose to
live in homes ofvarying wire codes, and a
comprehensive evaluation ofempirical cor-
relates of wire codes would serve several
important research needs. Such knowledge
would address a number of key method-
ological concerns simultaneously: the like-
lihood ofselection bias in past case-control
studies due to the constitution ofthe con-
trol group; suitable methods for selection
of controls in future case-control studies;
the likelihood of confounding by other
exposures associated with wire codes; and
the possibility that the impact ofwire code
on cancer risk is mediated through some-
thing other than the average magnetic field
in the home.
Timing ofExposure. Timing of expo-
sure, based either on when it occurs during
the day or when it occurs during the indi-
vidual's life, has received little attention.
The possibility of an effect on melatonin
synthesis suggests an emphasis on night-
time exposures, which is implicit in resi-
dential studies and would be especially
applicable to studies ofelectric blankets and
heatedwaterbeds [although it is questionable
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whether the pineal gland is exposed from
such sources (26)]. No studies of child-
hood cancer have examined adequately the
temporal relation between exposure and
disease byhypothesizing and testing expected
induction and latent periods. Clearly, the
temporal sequence ofevents leading to cancer
is briefer than the corresponding multidecade
process inadults.
There has been some cursory considera-
tion of this issue in several studies (5,11),
but none have obtained the desired lifetime
residential exposure history to allow com-
prehensive evaluation of all potentially
important time windows. Given our igno-
rance of the temporal course of disease
induction, all exposure preceding disease is
ofpotential interest, but presumably, some
etiologically irrelevant exposures have been
induded in past studies and obscured anyeti-
ologic effects (27). The onlywell-established
environmental cause of childhood cancer,
exposureto ionizingradiation, hasbeenshown
to operate in utero (28), although the
mechanisms ofthis type ofexposure would
be quite different than the possible effect of
magneticfields. Nonetheless, exposures inutr
constituteoneperiodofparticularinterest.
Logistically, assembling such lifetime
histories is challenging and requires a resi-
dentially stable population. Urban areas
with highly mobile populations such as Los
Angeles or Denver are not good choices on
this criterion, and many of the formerly
occupied homes are outside the study
region. On the other hand, without changes
in residence, isolation of any effects of
exposure in specified periods of life is
impossible. Passive exposure assessment
procedures (e.g., wire configuration codes)
are more amenable to gathering a complete
exposure history than procedures requiring
respondent cooperation (e.g., in-home
measurements). The presumption that any
effects of magnetic fields only operate late
in the etiologic process should be scrutinized
since it seems to be based largely on the
inabilityofsuch fields to cause mutations.
Ecologic Studies. Studies ofdisease pat-
terns in populations over time or space, in
which the group's magnetic field exposure
is related to its cancer incidence, should be
considered in spite ofthe well-known chal-
lenges posed by the ecologic fallacy (29)
and from exposure misclassification (30).
A principal motivation is to respond to
critics who argue that secular changes in
the use of electric power have been dra-
matic through this century and have pro-
duced a marked increase in electric and
magnetic field exposure that has not yielded
a corresponding increase in the cancers of
concern (31). Obviously, this scenario
would apply only ifmagnetic fields were a
verystrongcontributor to cancer riskand if
magnetic fields increased as electric power
use increased, but such analyses still could
place some upper bound on the magnitude
ofassociation.
This possibility could be examined
empirically by isolating each ofthe assump-
tions and consequences. The argument
that exposures have risen proportionately
to the use of electric power has not been
tested, and theoretical arguments against
such a rise include the increasing suburban-
ization ofAmerica (with larger yards and
greater distance from power lines), greater
use of underground lines, higher voltages
on lines, and more electricity-efficient
appliances (such as microwave ovens and
digital clocks). Wertheimer and Leeper's
(9) examination of data from the Rhode
Island study suggested that more recently
occupied homes (which tended to be more
suburban) had lower wire configuration
codes on average.
Although historical measurements of
individual exposures in the past are not
available, the pattern of wire codes over
time could be easily examined in several
ways. Data on wiring configurations from
the earliest studies conducted in the late
1970s could be compared to those con-
ducted in the present, yielding a 10- to 15-
year contrast. The housing stock at differ-
ent historical periods could be estimated
based on county tax assessment records to
simulate the mix ofwire codes in different
historical periods. Even within completed
studies, the dates of occupancy could be
examined in relation to the wire codes of
the homes.
Historical data on the cancers of inter-
est are also necessary to conduct a study of
time trends. A few cancer registries, such
as the one in Connecticut, go back far
enough in time. Mortality from childhood
cancers (especially leukemias) has been so
markedly changed by effective treatments
that mortality data do not adequately
reflect incidence. Additional challenges to
making valid comparisons across long
spans oftime are posed by improving qual-
ity ofdiagnosis and the techniques used to
dassify cancers in different eras.
Astudyofgeographicvariation in residen-
tial exposure is more promising because
potential confounders are likely to vary less
markedly across the United States at the
present time than over lengthy periods of
interest. Ifthere are systematic spatial dif-
ferences in average exposure based on
region, urban-rural differences, etc., then
ecologic studies could examine efficiently
the corresponding patterns of cancer inci-
dence and mortality. For example, high
current configurations appear to be more
common in Los Angeles than Denver
(11,13). Perhaps in large midwestern and
northeastern cities, the prevalence ofhomes
with such configurations may be greater
still. Although limited to detecting gross
differences, assessment of geographic pat-
terns in mortality could yield some infor-
mation if marked exposure gradients are
present. The usual considerations in assess-
ing the value of ecological studies apply:
the opportunity to study wide exposure
variation and a very different set ofmethod-
ological concerns relative to those that
apply to studies of individuals (32) is bal-
anced against the effort required to con-
duct the research. The effort required to
characterize spatial and temporal variation
in exposure accurately is not known at pre-
sent; but if not unduly demanding, it
would at least produce a systematic evalua-
tion ofthe argument that secular trends in
exposure demonstrate the implausibility of
an etiologic association with cancer.
Anadditionalbenefitofsuchanevaluation
wouldbe its use in pinpointing areas in which
research might be most profitably conducted.
Limited numbers ofhomes in the highest
exposure groups have decreased the precision
ofall past studies, so areas with greater preva-
lence ofhigher magnetic field exposurewould
bemostfavorableforresearch.
ResearhPriorities onResidential
Expomsue
The preceding sections have sought to
define comprehensively the issues deserving
consideration and empirical research in
order to advance our understanding ofresi-
dential magnetic field exposures and can-
cer. Ideally, the readershouldhavesufficient
information to reach independent conclu-
sions regarding priorities. However, sug-
gestions for the most pressing research
needs are offered.
Two types of methodologic studies are
needed to better interpret past studies and
design future ones: assessment ofindividual
magnetic field exposure sources and patterns
and determination ofcorrelates ofwire code
in the community. Either or both ofthese
mightbeembeddedinto an ongoingstudyor
conductedindependendy.
Evaluation ofexposure sources through
personal monitors and diaries combined
with wire codes and home measurements
would simultaneously define the exposure
sources most worthy of study, address the
relation between wire code and personal
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exposure, and allow examination of differ-
ent exposure metrics. Past studies relying
on only one exposure source (e.g., wire
codes, electric blankets) could be reinter-
preted and future studies could focus on
the most applicable exposures. Possible
efforts to reduce exposures would also ben-
efit from knowledge of how exposures are
actually incurred.
Knowing the patterns of wire codes in
the community is essential to evaluating the-
ories of confounding, selection bias, and
alternative causal pathways. Confounding
would occur if wire codes were associated
with an independent cause ofcancer; selec-
tion bias would occur ifstudy participants
are unrepresentative of the target popula-
tion; and an alternative causal pathway
would operate if wire codes do not cause
cancer through the resulting magnetic field
exposure. Consideration ofthe sociological,
geographical, and behavioral correlates of
wire codes would provide empirical guid-
ance to thosewho interpret studies thateval-
uate the possibility of bias as well as those
who design future studies. It may seem
more efficient to measure all possible con-
founders and adjust for them or to choose
directly the correct control group, but with-
out a clearer understanding ofthe likelihood
oferror, the inevitable design trade-offs can-
not be made intelligently. Control groups,
for example, may be selected in a limited
number ofways, with random digit dialing
the most popular for logistical reasons. The
relationships among telephone access, social
dass, willingness to participate in surveys, and
wire codes would be substantially valuable in
determining whether some more onerus
method ofcontrol selection is truly needed or
whether studies need to be conducted in
locales in which population registers are avail-
able. Without the pertinent background
information on vulnerability to selection bias,
selection ofa single, appropriate, and credible
control group isvirtallyimpossible.
Occupational Exposure
SynopsisofEvidence
There has been a large number ofstudies in
which job titles presumed to be indicative of
above-background exposure to electric and
magnetic fields have been examined in rela-
tion to cancer. Most commonly, such stud-
ies have focused on leukemia and brain
cancer. The evidence has been reviewed in
several publications (1,2,33-35). Most
reviewers share the conclusion that these
reports generally support an association
between work in electrical occupations and
the risk ofleukemia, especially acute myeloid
leukemia, and brain cancer. Magnitudes of
association vary greatly from null to sizable
increases, but elevations in risk on the order
of 1.5 to 2.0 are commonly reported, espe-
cially in proportionate mortality, incidence,
and case-control studies. Most cohort studies
have not found the associations to exist to the
same degree. Given the lack ofsophistication
in exposure assignment, the degree ofconsis-
tency across diverse populations is notable.
Other cancers, such as melanoma (36,37),
lymphoma (38), and male breast cancer
(39-41) have been implicated, but with
less replication.
The structure ofthese studies has induded
registry-based examinations ofproportionate
mortality or incidence, registry- and commu-
nity-based case-control studies, and historical
cohort studies among electrical workers.
Startng with Milham's (42) report, all have
used job title as the exposure surrogate with
some refinements in terms ofmore sophisti-
cated classification systems (43) but largely
relying on an intuitively developed listing of
jobs thought to entail elevated electric and
magnetic fields (e.g., electrician, lineman,
television repairman).
A separate avenue ofresearch on occu-
pational exposures and cancer is that of
paternal influences on childhood cancer
risk. Spitz and Johnson (44) found that
children who died from neuroblastoma
more often had fathers who were employed
in occupations thought to have electromag-
netic field exposures than controls did.
The increased risk was concentrated among
electronics workers. These results were repli-
cated to some extentbyWilkins and Hundley
(45) in asimilarlydesignedcase-controlstudy
of neuroblastoma, but Bunin et al. (46)
reported an absence ofincreased risk for neu-
roblastoma in relation to patemal exposure to
electromagnetic fields. The mechanism for
such an effect is tenuous, given that the agent
isincapableofcausingmutations insperm, but
perhaps some other mechanism ofinterfering
withspermproduction isapplicable.
Exosur AssessmentNeeds
Evaluation ofNonutility Populations.
Among electrical workers, electric utility
workers have been most actively consid-
ered. While such studies are in progress,
there is a need to identify additional groups
of workers who are suitable for study.
Studying other populations would provide
an assessment ofthe replicability ofthe evi-
dence from utility workers. More impor-
tant, the actual exposure circumstances in
terms of field frequencies and temporal
patterns vary markedly among electrical
workers, and ifany such exposures are car-
cinogenic, there may be some more and
some less potent forms ofexposure among
the different groups ofworkers. The vari-
ability in exposure circumstances, both
quantitatively and qualitatively, is much
greater in the workplace than in the home.
This should produce more informative
studies in the occupational setting if those
exposures can be characterized adequately.
In the past, the interest has been in rela-
tivelyrarecancers (leukemia and brain cancer),
and the examined populations had to be siz-
able and there had to be a mechanism for
identifying them (company or union records,
for example). Starting with a roster ofcandi-
date worker groups, exposure measurement
surveys would be essential to indicate thatthey
trulyhave above-background exposures and to
characterize the general patterns ofthat expo-
sure. Candidate populations widely discussed
include aluminum workers, electric railroad
workers, arc welders, and other workers who
worknearelectricmotors.
Community-based studies may also
address occupational exposures using some
explicit or implicit job-exposure matrix
that links job title to exposure. This is the
basis ofvirtually all ofthe existing literature
based on death certificates or cancer reg-
istries. It seems that the inability to charac-
terize exposures generically across widely
divergent job titles and industries gives
these studies limited potential to advance
the literature. Although it would be useful
if widespread electric and magnetic field
exposure surveys enabled us to characterize
adequately exposures associated with spe-
cific job titles and industries, the variation
within those groupings is likely to limit the
value of broad job titles. In contrast,
within an industry, the level ofrefinement
can be much greater.
Improved HistoricalMarkers. Because
leukemia and brain cancer are so rare, it is
not feasible to undertake prospective cohort
studies for either, although future interest in
more common cancers such as prostate can-
cer or female breast cancer would introduce
that possibility. Nonetheless, most future
research will continue to rely on historical
markers ofexposure, typically job titles and
other documented information on work
activities and locations. There is a need to
validate such markers through present mea-
surementsandbyotherindirect means. There
is also a need for imaginative approaches to
reconstructing the historical exposures of
interest, including simulation of past work
environments and practices where possible.
In a recent study ofworkers who used video
display terminals, for example, exposures
associated with outdated equipment were
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estimated by retrieving some of the old
equipment for measurements (47).
In addition to evaluating the adequacy of
the surrogate marker in the future, it would
be useful to assess just what exposures the
surrogate marker predicts. Preliminary
examination ofjob titles of electric utility
workers (48) suggests thatjobs thought to be
exposed have a stronger gradient for mag-
netic than electric fields. Similarly, one
might ask about the distinctions based on
job tide for different exposure indices (e.g.,
mean, median, peak) or for different fre-
quencies. Future epidemiologic and labora-
tory research would benefit from obtaining
more specific suggestions about the form of
exposure reflected fromjob tides.
A more ambitious advancement would
require incorporation of nonoccupational
exposure sources into occupational studies.
This is more feasible than the converse,
extending residential studies to incorporate
workplace exposures, since validated mark-
ers of nonoccupational exposure are avail-
able. Specifically, cohort mortality studies
could be followed up with nested case-con-
trol studies that include interviews with liv-
ing subjects or next ofkin for decedents in
which nonoccupational exposures would be
estimated. Identification of the residences
in which they had lived could be coupled
with wire coding or measurements ofthose
homes. Possible use of appliances such as
electric blankets and heated water beds
could be queried and probably could be
accurately reported by a surviving spouse or
child. Qualitative andprobably even quanti-
tative indices of exposure that combine
diverse sources of exposure could then be
developed and analyzed in relation to can-
cer risk. If some measure of total dose is
the important one, such combined indices
would be markedly better at predicting
cancer risk than either component alone,
since a sizable contribution to total dose
comes from each source (17,48).
Health Outcomes
As seen in residential exposure, there is
potential value in examining more specific
subtypes of cancer. This is predicated on
the possibility that more specific forms of
cancer, defined by histology and cytogenet-
ics, may show stronger relations to electric
and magnetic field exposure. The generally
stronger associations found for acute myeloid
leukemia compared to other leukemias (35)
and the recent evidence that astrocytomas
show markedly stronger associations with
electrical work than other forms of brain
cancer (21) suggest that such efforts could
yield important information.
On the other hand; there is no dear bio-
logical rationale for focusing on leukemia and
brain cancer only, and as noted above, associa-
tions with melanoma, lymphoma, and male
breast cancer have also been reported. We
should retain the ability to discover that some
othertypeofcancer is stronglyrelatedto expo-
sure orto confirm orrefute the reports ofsuch
associations in other studies. In general, stud-
ies that adequately can address many forms of
cancer, such as historical cohort studies or
case-control studies used with a case group of
allcancers, arepreferred tothosethatcannot.
In parallel with the suggestion for residen-
tial studies, markers ofexposure or disease that
are prevalent enough to be studied prospec-
tivelywouldbehighlydesirable. Currenttech-
nology permits exposure assessment over
periods as long as several weeks, but without
someendpoint thatcan beobserved in ashort
time frame and ofadequate prevalence, such
measurements can only serve to validate such
exposureproxiesasjob title.
StudyDesign
Consideration ofOther Exposures. Because
of substantial contributions from the resi-
dence and appliance use (which may have
substantial between-subject variability), it is
understood that theworkplace is nottheonly
or even the dominant source of exposure
(49). Logistical constraints make it difficult
to integrate exposures across diverse sources,
so further examination oftheconsequences of
ignoring nonoccupational sources should be
more carefully considered. Exposure surveys
suggest the absence ofanyassociation between
workplace and nonworkplace exposures
among utility workers (48,49), but the con-
sequences for studies ofworkplace exposures
are not dear. There may also be reason to
believe that some highly exposed occupa-
tional groups would tend to have exposures
in their hobbies, such as operating radios or
other electrical equipment. Considering a
number ofpossible relations between work
and nonwork exposures for their impact on
observed dose-response gradients would
assist in the interpretation ofpast studies and
planningoffuturestudies.
Confounding has been ofparticular inter-
est in this literature, because ajob tide virtu-
ally always suggests exposures in addition to
the electric and magnetic field exposure of
interest. Many groups ofelectrical workers
have the potential for occupational exposure
to solvents, polychlorinated biphenyls
(PCBs), soldering orweldingfumes, etc. The
impact ofmanyofthese agents on cancer risk
is poorly understood, but future studies
should examine them as effectively as possi-
ble. Nonetheless, hypothetical calculations
for the magnitude ofconfounding by a car-
cinogen as potent as cigarette smoking (50)
suggest that extreme and perhaps implausible
scenarios are required to invoke such con-
founding as a critical threat to the validity of
thesestudies.
An efficient approach to examining can-
cers that have not been thoroughly consid-
ered, such as lymphoma and melanoma,
would be to pool results from the numerous
surveys and cohort studies using meta-analy-
sis. By examining a wide array of cancer
types in that manner, patterns may emerge
that were not previously appreciated. Even
leukemia and brain cancer might be better
understood through a more quantitative
integration oftheliterature.
Effct-Modifiation by Timing and Other
Agents. Acritical deficiency in nearlyall ofthe
paststudiesthathavereliedon registrydatais a
failureto considertemporal aspectsofexposure
and disease. The extreme version is the death
certificate-based study (42,51), in which there
is no information whatsoever on the duration
ofemployment in thelistedjob, whenworkin
the job ceased, or what other jobs were held.
Presumably, if there is an etiologic relation,
like all others identified to date, there is some
specificityfor the induction andlatentperiods.
Restricting the windows ofexposure to the
pertinent ones would enhance any causal asso-
ciations. The assumption that electric and
magnetic fields act at late stages should be
addressed empirically by assessing cancer risk
in relation to exposures in a recent time win-
dow. More generally, aflexible, trial and error
approach to specifying the potential windows
ofimportance should be adopted (27), espe-
cially when considering an agent for which
the underlying biological processes are so
poorly understood.
Finally, the possibility that the effects of
electric and magnetic fields are enhanced
by exposure to other agents should be eval-
uated. Ifsuch exposures are thought to act
in concert with genotoxic agents, then one
would expect some effect modification to be
discernible. As noted above, there are a
number of potentially carcinogenic agents
such as solvents and PCBs thought to be
prevalent among electrical workers, so the
ability of such exposure to potentiate the
effect of electric and magnetic fields could
be examined. Iffuture study designs permit
consideration ofnonoccupational exposures,
then cigarette smoking would be of great
interest as apotential effect modifier.
Researc Priorities inStudiesof
Occupation Exposure
Among the suggestions offered for extend-
ing knowledge regarding occupational
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exposure to electric and magnetic fields and
cancer, two avenues are the highest priorities.
First, exposure patterns ofgroups ofworkers
potentially amenable to epidemiologic study
need to be assessed. Identification ofgroups
withabove-background exposure is an absolute
requirement, but the likely diversity ofexpo-
sure forms and patterns (frequencies, temporal
patterns ofexposure, historical exposures) also
should be understood in order for the epi-
demiologic studies to begin to darify the cir-
cumstances inwhichadverseeffects areandare
notobserved.
Second, following identification ofsuitable
groups for epidemiologic study, more empiri-
cal information on occupational groupswith a
diversity offorms and pattems ofelectric and
magneticfieldexposure is needed. Traditional
cohort or nested case-control studies within
industries are most likely to be informative.
Bystudyingworkers with elevated but distinct
exposure patterns, the consistency of any
increased risk ofleukemia, brain cancer, or
other cancers can be assessed and there is the
possibility ofidentilfing a group with a more
potentexposurepattern.
Conclusions
The strategies oudined above can be divided
into three groups byconsidering the effect the
methodologicaldeficiencies wouldhaveon the
estimated measures ofeffect (i.e., the risk ratio
or odds ratio). Improvements typically have
one ofthe following goals: a) to reduce bias
towardthenull (false negative results), enhanc-
ingthemagiitudeofassociation ifanunderly-
ing etiologic effect ofelectric and magnetic
fields on cancer truly exists; b) to reduce bias
away from the null (false positive results),
diminishing positive associations reported in
past literature ifthey are actually a result of
errors in study design or execution; and c) to
enhanceprecision ofstudyresults.
The principal source of potential bias
toward the null is nondifferential exposure
misclasification. Suchnondifferential misclas-
sification applies to all ofthe sources ofdis-
crepancy between operational measures of
exposure in a given study (e.g., job tide, wire
code ofresidence) and the precise biological
measure ofdose that is etiologically effective
(e.g., time-integrated total magneticfield, time
above 2 mG). Any study design strategy that
better approximates the biologically relevant
dose (typically identified through trial and
error) will enhance the magnitude ofassocia-
tion ifanetiologiceffect ispresent. Betterwire
codes, more precisejob tides, incorporation of
othersources ofexposure, consideration ofdif-
ferent exposure parameters, and examination
ofvarying time windows ofexposure all have
that intended effect. The search for effect
mocifiers can be viewed in this light, with the
group in which the effect ofelectric and mag-
netic field is enhanced reflecting a stronger
association with cancer. Also, the effort to
define more specific subgroups ofcancer more
strongly associated with exposure fits into this
category. Ifreducing miscasification increases
themeasuresofassociation, thenthelikelihood
that there is a true etiologic effect present is
enhanced. Conversely, extensive unsuccessful
efforts to identify a stronger relation could be
interpreted as evidence against a causal effect,
although itwouldnotbedearwhenthesearch
shouldbeended.
Potential sources ofbias away from the
null are less obvious in past studies ofelec-
tric and magnetic fields and cancer. In the
community-based studies, selection bias in
the constitution ofthe control groups is an
important consideration. The constitution
ofthe control groups is challengeable (gener-
allybased on random digit dialing), as well as
the potential bias due to nonresponse. For
this to produce bias away from the null, a
particular pattern (e.g., missing higher
exposure controls) wouldhave to be invoked.
In both occupational and residential stud-
ies, the potential for unmeasured positive
confounders should continue to be exam-
ined. Specific, testable candidates forsources
of bias away from the null are needed to
makeprogress in this area.
Finally, some ofthe above strategies are
intended primarily to enhance precision.
Identification ofcommunities or workforces
with a higher prevalence ofelevated electric
and magnetic field exposure should yield
more precise estimates of effect. Meta-
analyses ofcompleted studies have the poten-
tial to yield increased precision in estimates
of dose-response gradients. Finally, study
of early disease markers could provide a
much more common outcome than cancer,
with consequendy greater precision.
The strategies suggested in this paper
are intended to open research avenues.
Although some ofthe more obvious studies
have been done or are in progress, there are
some other pathways that would yield new
insights regardless ofthe results obtained.
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